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Acyl-activatinga b s t r a c t
Although oxalic acid is common in nature our understanding of the mechanism(s) regulating its
turnover remains incomplete. In this study we identify Saccharomyces cerevisiae acyl-activating
enzyme 3 (ScAAE3) as an enzyme capable of catalyzing the conversion of oxalate to oxalyl-CoA.
Based on our ﬁndings we propose that ScAAE3 catalyzes the ﬁrst step in a novel pathway of oxalate
degradation to protect the cell against the harmful effects of oxalate derived from an endogenous
process or an environmental source.
Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Oxalic acid is the simplest dicarboxylic acid and is found in
most organisms. The functional role of oxalate in living organisms
differs along with its chemical form and distribution [1–5]. In
microorganisms, the ability to produce oxalate has been shown
to provide beneﬁts in the acquisition of nutrients [1,6,7], tolerance
to metals [8–10], transduction of signals [11] and pathogenicity
[12–15].
Although the ability to produce oxalic acid can provide a selec-
tive advantage, unregulated exposure to this strong organic acid,
whether derived from an endogenous or exogenous source, can re-
sult in multiple physiological problems within the cell. Such prob-
lems include disruption of membrane integrity, disruption of
mitochondrial metabolism, metal precipitations, and free radical
formation [16]. Thus, many organisms have evolved a mecha-
nism(s) to inactive the biological activity of this acid in order to pro-
tect themselves against these detrimental effects. Previously, it was
suggested that Saccharomyces cerevisiae possessed the ability to
produce CO2 from the degradation of oxalate [17]. The pathway(s)
and enzyme(s) responsible; however, has remained unknown.
It was revealed, through the use of genetic, biochemical, and
molecular methods that yeast express a novel oxalyl-CoA
synthetase capable of catalyzing the conversion of oxalate tooxalyl-CoA. The enzyme appears to catalyze the ﬁrst step in a novel
pathway of oxalate degradation that functions to protect yeast
from the inhibitory effects of oxalate. A similar enzyme was shown
to catalyze the ﬁrst step in an oxalate catabolic pathway recently
discovered in plants [18]. Thus, our ﬁnding suggests broad impor-
tance of this pathway to diverse organisms.
2. Materials and methods
2.1. Strains, media, and culture growth
Wild-type (WT) BY4741 and a Scaae3 deletion mutant
(YBR222C) were obtained from ATCC (American Type Culture Col-
lection, Rockville, MD). Yeast were grown at 30 C in liquid cultures
of minimalmedia (1.7 g/l yeast base, 5 g/l ammonium sulfate, 1.9 g/
l amino acids without uracil and 20 g/l dextrose) or YEPD media
(10 g/l yeast extract 20 g/l peptone, 20 g/l dextrose). Burkholderia
glumae (ATCC No. 49703, Manassas, VA) and Bod1 [19] were grown
on Luria–Bertani broth (LB) at 30 C. Sclerotinia sclerotiorum (kindly
provided by Weidong Chen, Washington State University) was
cultured on potato dextrose agar (Difco, BD Biosciences, San Jose,
CA) at room temperature.
2.2. ScAAE3 His-tagged protein puriﬁcation
To create a His tagged ScAAE3 fusion protein, the full-length
ScAAE3 gene was ampliﬁed from S. cerevisiae genomic DNA using
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AGACAAGTGCCGCTACTGTTACT-30 and 50-CTACAACTTACTCTTATTT
CTGC-30. The PCR products were ligated into plasmid vector
pGEM-T Easy (Promega, Madison, WI, USA) and sequenced. The
NdeI/SalI His-ScAAE3 fragment was inserted into the protein
expression vector pET-29a (Novagen, EMD Biosciences, Madison,
WI) using the same restriction sites and expressed in the Escherichia
coli strain BLR (DE3). A 500 mL culture of the His-ScAAE3 pET-29a
construct was grown in LB supplemented with kanamycin at
37 C until it reached an OD600 of 0.8. Expression was induced with
the addition of IPTG to 1 mM and the culture grown for an addi-
tional 4 h at 30 C. His-ScAAE3 protein was puriﬁed using a nickel
column following the protocol for native conditions described in
the protein puriﬁcation kit fromQiagen (Valencia, CA). After elution
the puriﬁed protein was passed over a Sephadex G-25 (Amersham
Biosciences) column buffered with 100 mM Tris–HCl, pH 7.5. Pro-
tein determinations were conducted using the Bradford assay [20]
and the size and purity assessed by SDS-polyacrylamide gel and
Coomassie Brilliant Blue R 250 staining.
2.3. Enzyme activity and kinetics of ScAAE3
ScAAE3 activity was determined by a coupled enzyme assay
[21,22]. To initiate the assay 2.5 lg of the puriﬁed ScAAE3 protein
was added to the reaction mixture and the oxidation of NADH was
monitored at 340 nm using a spectrophotometer (Varian Cary 50).Fig. 1. Biochemical analysis of ScAAE3. (A) SDS-PAGE gel of nickel-afﬁnity puriﬁed His
ScAAE3 was performed with 300 lM oxalate using two buffer systems: potassium phosp
oxalate concentrations. Oxalyl-CoA synthetase activity was determined through the me
min/mg protein and 20.0 ± 2.7 lM by non-linear regression to the Michaelis–Menten eqThe pH of the reaction buffer was adjusted to determine the pH
optimum using 300 lM oxalate. A gradient of oxalate concentra-
tions (50–400 lM) was used to determine the Km and Vmax at
pH 7.5.
2.4. Radiolabeled oxalate feeding
An overnight culture of WT and Scaae3mutant yeast was grown
to an OD of 0.6 in YEPD. The cells were lysed by sonication and an
aliquot of the extract mixed with 14C-oxalate and the evolution of
14CO2 measured as previously described [18].
2.5. Complementation of ScAAE3
The SphI (blunt) and BamHI fragment was isolated from the
Arabidopsis GFP-AtAAE3 construct [18] and inserted into the SacI
(blunt) and BamHI sites of the yeast expression vector pUGPD
[23]. WT yeast and Scaae3 were separately transformed with the
empty vector control and the GFP-AtAAE3 fusion construct,
respectively.
2.6. Yeast growth experiments
The yeast strains were grown in minimal media to an OD of
0.6. The yeast cultures were incubated with 40 mM oxalate,
S. sclerotiorum suspension, B. glumae suspension or 2 mM H2O2-ScAAE3 protein (left) and molecular weight markers (right). (B) Optimum pH for
hate pH 6–8 and Tris–HCl pH 7.5–10. (C) Kinetic analysis of ScAAE3 over a range of
asurement of AMP formation. Vmax and Km were determined to be 12 ± 1.0 lmol/
uation.
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growth at 30 C the cultures were diluted and plated on YEPD
plates grown for 3 days and colonies counted with the exception
of the 2 mM H2O2 treatment where cultures were allowed to re-
cover for 1.5 h before plating.
2.7. Expression analysis
RNA was isolated from yeast using Trizol according to manufac-
turer’s recommendation (Invitrogen Life Technologies Inc). The
RNA was treated with DNAse and reverse transcribed using oligo
dT primers (Bio-Rad, Hercules, CA). The reverse transcription reac-
tion was diluted and used as template for quantitative RT-PCR with
a Bio-Rad CFX-96 real-time PCR detection system and CFXmanager
software using a SYBR Green master mix (Clontech, Mt. View, CA).
Quantitative RT-PCR for ScAAE3 RNA was performed using
the ScAAE3-speciﬁc primers 50-aagagaaagcctggtactgtg-30 and
50-ttagcataccccaaagtgacg-30. To normalize the cycle threshold val-
ues relative transcript levels for the housekeeping gene ACT1 was
determined using ACT1–speciﬁc primers 50-gccttctacgtttccatcca-30
and 50-ggccaaatcgattctcaaaa-30. The conditions used for the
Q-PCR were as follows: 95 C for 2 min, 40 cycles of 95 C for
15 s, 60 C for 30 s, and 72 C for 30 s.
2.8. Oxalate measurements
Yeast cultures were centrifuged and the pellet frozen. The pellet
was resuspended in 300 ll of water (pH 2.8), sonicated (2  30 s),
and the extract centrifuged. The supernatant was passed through
0.45 lm ﬁlter and analyzed for oxalate by HPLC (Agilent 1100 ser-
ies) coupled to a photodiode array detector with a Bio-Rad Aminex
HPX-87H ion exclusion column (300  7.8 mm, 0.6 mL/min, 35 C).
3. Results and discussion
3.1. ScAAE3 functions as an oxalyl-CoA synthetase
Considering the widespread occurrence of oxalate in nature and
its broad impact on a host of organisms, it is surprising that large
gaps remain in our understanding about the mechanismsFig. 2. Measurements of oxalate degradation to CO2. (A) Schematic of proposed oxalat
validated. (B) Radiolabeled CO2 measurements. WT and Scaae3 yeast extracts were fed w
was captured using 1 M KOH and the relative radioactivity was measured. Asterisk dengoverning the inactivation and/or turnover of this acid. Recently,
a novel pathway of oxalate degradation was identiﬁed in the plant
model Arabidopsis thaliana [18]. The existence of this oxalate deg-
radation pathway was supported by the discovery of an oxalyl-CoA
synthetase encoded by the Arabidopsis thaliana acyl-activating en-
zyme 3 (AtAAE3) which has been shown to catalyze the ﬁrst step of
this pathway [18]. As a ﬁrst step toward determining whether this
oxalyl-CoA dependent pathway of oxalate degradation occurred in
other organisms such as yeast, a database search was conducted
for ORFs encoding amino acids sequences similar to the translated
AtAAE3. This bioinformatics search led to the identiﬁcation of the
YBR222C (PCS60) ORF [24] which shared a 45% sequence identity
with AtAAE3. To determine if YBR222C (PCS60) encoded an
oxalyl-CoA synthetase, the HIS-tagged-fusion of this protein was
constructed, expressed in E. coli, and puriﬁed by nickel-afﬁnity
chromatography. The recombinant protein was estimated to be
>90% pure based on fractionation proﬁles generated by SDS-PAGE
(Fig. 1A). Spectrophotometric coupled-enzyme assay [22] revealed
that YBR222C (PCS60) encoded a S. cerevisiae acyl activating en-
zyme 3 (ScAAE3) capable of converting oxalate to oxalyl-CoA. This
ﬁnding is the ﬁrst, to our knowledge, to show the presence of an
oxalyl-CoA synthetase in microbes. The ScAAE3 protein showed
activity against oxalate over a wide pH range with an optimum
at pH of 7.5 (Fig. 1B). At pH 7.5 and with saturating concentrations
of CoA and ATP the enzyme displayed Michaelis–Menten kinetics
with respect to oxalate concentration up to 300 lM, with substrate
inhibition evident at 400 lM oxalate that could be due to oxalate
interfering with other enzymes or components present in the assay
(Fig. 1C). Using the data up to 300 lM provided a calculated Vmax
of 12 ± 1.0 lmol/min/mg protein and a Km of 20.0 ± 2.7 lM. The
Vmax for ScAAE3 is similar to that seen with AtAAE3 (11.4) but
the Km is lower than the plant homolog (149 lM). The lower Km
of ScAAE3 compared to AtAAE3 may indicate a physiological role
for the enzyme in maintaining low cellular oxalate concentrations.
3.2. ScAAE3 is required for the production of CO2 from the degradation
of oxalate
A novel pathway of oxalate degradation (Fig. 2A) that proceeds
from oxalate to oxalyl-CoA to formyl-CoA to formate ande catabolism pathway in yeast. Asterisks denote enzymatic steps remaining to be
ith 2.5 lCi of [14C]-oxalate along with 300 lM non-labeled oxalate. The CO2 evolved
otes signiﬁcant difference from the wild type (*P < 0.05; Student’s t test).
Fig. 3. Incubation of yeast with oxalic acid. (A) Yeast growth after incubation with 40 mM oxalic acid. (B) Yeast growth after incubation with water control. (C) Relative
ScAAE3 transcript abundance after yeast incubation with 40 mM oxalate. Asterisk denotes signiﬁcant difference from the wild type (P < 0.05; Student’s t test).
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step in this pathway is catalyzed by AAE3 [18]. To assess whether
ScAAE3 catalyzes the ﬁrst step in a similar pathway in yeast radi-
olabeled oxalate feeding experiments were conducted using WT
and the Scaae3 knockout mutant. WT yeast were found capable
of degrading the 14C-oxalate yielding 14CO2 which was trapped in
1 M KOH and quantitated by liquid scintillation counting. Flasks
containing the Scaae3 mutant extracts; however, yielded little to
no 14CO2 (Fig. 2B). These ﬁndings support a role for ScAAE3 in
the degradation of oxalate to CO2. In addition, our ﬁnding coupled
with the lack of reports identifying any other oxalate degrading en-
zyme in yeast, such as oxalate decarboxylase or oxalate oxidase,
suggests that the ScAAE3 dependent pathway of oxalate degrada-
tion may be the sole pathway of degrading oxalate to CO2 in yeast.
In further support, bioinformatics analysis indicates the presence
of a putative yeast homolog (YEL020C) of the Arabidopsis oxalyl-
CoA decarboxylase which is the enzyme responsible for catalyzing
the second step in this novel pathway [Foster et al., unpublished].This putative homolog shows 35% identity to the Arabidopsis oxa-
lyl-CoA decarboxylase.
3.3. Loss of ScAAE3 decreases recovery from exposure to oxalate
Uncontrolled or prolonged exposure to oxalic acid can result in
multiple physiological problems within the cell [16]. Thus, many
organisms evolved mechanisms of oxalate degradation. As an ini-
tial step in assessing a role for ScAAE3 in protecting yeast against
the deleterious effects of oxalate we ﬁrst compared the growth
of WT yeast and the Scaae3 mutant in response to an exogenous
supply of oxalate. WT and Scaae3 were exposed to exogenous oxa-
late for 1 h and then plated. After 48 h a colony count revealed that
the Scaae3 mutant was less tolerant to the presence of this acid
compared to WT (Fig. 3A). WT oxalate tolerance levels could be
restored to the Scaae3; however, with the expression of the AtAAE3
gene (Fig. 3A). No difference in growth was detected between the
WT, Scaae3, and Scaae3 + AtAAE3 under control conditions
Fig. 4. Incubation of yeast with oxalate-secreting microbes. (A) Yeast growth after incubation with S. sclerotiorum. (B) Yeast growth after incubation with PD media control.
(C) Relative ScAAE3 transcript abundance after yeast incubation with S. sclerotiorum. (D) Yeast growth after incubation with B. glumae and Bod1 mutant. Asterisks denote
signiﬁcant difference from the wild type (P < 0.05; Student’s t test).
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sponse to presence of oxalic acid. Quantitative RT-PCR revealed
that ScAAE3 transcript levels were induced within minutes of expo-
sure peaking at about 1 h before declining back to steady state lev-
els (Fig. 3C). Overall, the results support a role for ScAAE3 in the
protecting yeast against high oxalate levels that may be encoun-
tered in the environment.
3.4. Loss of ScAAE3 decreases recovery from exposure to oxalate-
secreting microbes
The oxalate found in the environment is often derived from oxa-
late-secreting micro-organisms. Since ScAAE3 expression is in-
duced by oxalate, encodes an enzyme catalyzing the ﬁrst step in
a novel pathway of oxalate degradation, and reduces the inhibitory
growth effects oxalate has on yeast, we hypothesized that ScAAE3
may help yeast survive in an environment containing oxalate-
secreting micro-organisms. To investigate a role for ScAAE3 in
reducing the inhibitory effects due to the presence of such organ-
isms, growth assays were conducted where WT and Scaae3 yeast
cultures were incubated with cultures of the oxalate-secreting fun-
gus S. sclerotiorum. Colony counts of the yeast cultures revealed
that Scaae3mutant growth was inhibited by the presence S. sclero-
tiorum compared to WT (Fig. 4A). Complementation of Scaae3 with
the AtAAE3 alleviated the inhibition imparted by this oxalate-
secreting microbe (Fig. 4A). No difference in growth was observedin control cultures (Fig. 4B). Consistent with a role for ScAAE3 in
reducing the inhibitory effects of the oxalate-secreting fungus, ScA-
AE3 transcript levels were found to be induced by S. sclerotiorum
within minutes of exposure (Fig. 4C). This induction of transcript
is most likely a result of the exposure to an external source of oxa-
late (as discussed above).
To further delineate a role for ScAAE3 in protecting yeast from
oxalate-secreting microbes, an additional experiment was con-
ducted using the oxalate-secreting bacterium, B. glumae and the
Burkholderia oxalate defective 1 (Bod1) mutant. The Bod1 mutant
is genetically identical toWTwith the exception of a single transpo-
son insertion in the oxalate biosynthetic component (obc) A, knock-
ing-out the ability of this mutant to produce and secrete oxalic acid.
Growth assays conductedwith this bacterium supported our earlier
ﬁndings using S. sclerotiorum by showing that Scaae3 had reduced
growth compared to WT upon exposure to the oxalate-secreting
B. glumae, but little difference in growth upon exposure to Bod1
(Fig. 4D). Overall, these ﬁndings support a role for ScAAE3 in reduc-
ing the inhibitory growth effects of oxalate that can occur as a result
of oxalate-secreting microbes present in nature.
3.5. Loss of ScAAE3 decreases recovery from exposure to oxidative
stress
The antioxidant D-erythroascorbic acid has been shown in yeast
to be essential for cellular recovery after exposure to oxidative
Fig. 5. Incubation of yeast with H2O2. (A) Yeast growth after incubation with 2 mM H2O2. (B) Yeast growth after incubation with water control. (C) Relative ScAAE3 transcript
abundance after yeast incubation with 2 mM H2O2. (D) Oxalate content in yeast after incubation with 2 mM H2O2. Asterisks denote signiﬁcant difference from the wild type
(P < 0.05; Student’s t test).
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duced from the turnover of D-erythroascorbic acid in fungi such
as S. scleriotorum. Based on these ﬁndings, we hypothesized that
ScAAE3 may be involved in the process of cellular oxidative recov-
ery by functioning to inactivate the oxalate produced from the
breakdown of D-erythroascorbic acid. To test this hypothesis WT
and Scaae3 yeast were exposed to 2 mM H2O2 for 1 h [25]. After
the 1 h exposure to this oxidative stress, and aliquot of the treated
yeast cells was diluted with YEPD media and allowed to recover
from this stress for 1.5 h before the cells were plated. A colony
count was conducted on each set of plates after growth. The Scaae3
plates showed a reduced number of colonies compared to WT indi-
cating that ScAAE3 is involved in the oxidative recovery process
(Fig. 5A). No difference in growth was observed with water added
controls (Fig. 5B).
To further investigate the involvement of ScAAE3 in this recov-
ery process, transcript levels were measured during the exposure
to oxidative stress and during oxidative recovery. WT cultures
were placed under an oxidative stress condition, the cellular RNA
isolated, and ScAAE3 gene expression measured by quantitative
RT-PCR at 15, 30, and 60 min after the addition of 2 mM H2O2. A
sharp increase in ScAAE3 transcript accumulation was measured
reaching 7-fold increase by 60 min (Fig. 5C). During oxidative
recovery, after the addition of YEPD, ScAAE3 gene expression wasmeasured by quantitative RT-PCR at 30, 60, and 90 min intervals.
ScAAE3 transcript levels declined down to non-stressed levels dur-
ing the ﬁrst 30 min, but then steadily increased over the next
60 min of recovery (Fig. 5C).
Even though gene expression and cell growth analysis support
our hypothesis, one would expect that the Scaae3 mutant, being
unable to degrade oxalate, should have an increase in endogenous
cellular oxalate after oxidative exposure compared to WT. To
validate this expectation, WT and Scaae3 cultures were grown,
exposed to oxidative stress, allowed to recover with the addition
of YEPD, and the oxalate levels measured. The results were as
expected with the Scaae3 cultured cells containing roughly twofold
more oxalate compared to wild-type (Fig. 5D). Taken together,
these ﬁndings support a role for ScAAE3 in oxidative stress recov-
ery in yeast.
4. Summary
Overall, the identiﬁcation and characterization of ScAAE3 has
provided new insights into the mechanisms regulating oxalate
turnover. Enzyme assays revealed that ScAAE3 encodes an oxalyl-
CoA synthetase that is capable of catalyzing the ﬁrst step in the
degradation of oxalate to CO2. The report of this enzyme and
proposed pathway of oxalate degradation is a ﬁrst in yeast and
166 J. Foster, P.A. Nakata / FEBS Letters 588 (2014) 160–166suggests the importance of this mechanism to a broad range of
organisms. In addition, we provide evidence suggesting a role for
ScAAE3 in reducing the inhibitory effects of oxalate on growth.
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